Abstract: Precision energy measurements on 24 ganama-ray lines in the ~"l.a -:-~a"Ce decay were performed with a 2 m cur,,ed-crystal spectrometer and a lithium-drifled germanium spectrometer. The relative intensities of 15 gamma rays were determined. A level scheme for ~"Ce is proposed ~ith the inclusion of lwo new levels at 2516.14 and 2547.5 keV. The new level scheme is compared with recent calculations using the quasi-particle description.
I. Introduction
The nucleus t4°Ce is one of seven stable isotones having a closed neutron shell with N = 82. It has eight protons outside the Z = 50 major closed proton shell. In recent years such nuclei have been considered ~ithin the framework of the quasiparticle description for spherical nuclei. Some calculations on t4°Ce have been performed j' 2). It is thus of interest to determine the energy level structure of ~'~°Ce.
Precision measurements of nuclear gamma-ray energies afl\~rd a simple check on proposed nuclear energy level structures through the use of the sum rule E = El + E:, where E t and E 2 are the energies of two cascade transitions and E the corresponding cross-over transition. Since the curved-crystal spectrometer (ccs) and lithiumdrifted germanium (Ge(Li)) spectrometer extend considerably the accuracy of many earlier measurements of gamma-ray energies in the ~'~°La --, t4°Ce decay, the use of this sum rule providcs a basis for eliminating some aspects of the previously, proposed level schemes, as well as suggesting new possibilities.
A total of 24 gamma-ray energies were measured in the ~a°La decay: 2{,) were measured with the ccs ranging in energy from 64.135 to 2522.6 keV, four additional gamma-ray energies ranging in energy from 2348 to 3123 keV were measured with a Ge(Li) spectrometer. Using the data from both instruments, the relative intensities of 15 transitions were determined.
-rhc excited levels of ~a°Ce have been studied by man\' in\estigator~, through the ~'*°La --+ ~'*°Ce and ~a°Pr -~ la°ce decays. of reflection. The resolution width obtained with the Q(310) planes is 25 to 30 sec of arc for both source widths. Data were taken using the first-through-fifth order reflection from the Ge(022) planes and the first-order reflection from the Q(310) planes.
LITHIUM-DRIFTEI) GERMANIUM SPECTROMETER
The Ge(Li) spectrometer consists of the following components: a Ge(Li) detector having a sensitive volume of 0.2 cm x 0.8 cm 2, a Tennelec 100C pre-amplifier and TC 200 amplifier and a Victoreen (SCIPP) 1600-channel pulse-height analyser. The detector is operated at liquid nitrogen temperature. Typical resolution widths (fwhm) obtained for three lines in the decay of ~4°La were 4.2 keV for the 487 keV line, 5.5 keV for the 1597 keV line and 9.0 keV for the 2522 keV line. The data accumulation time varied from 30 to 2500 min. It was possible to obtain the energy calibration from lines within the spectrum since energy measurements had been made with good accuracy using the ccs. The calibration was obtained from the three lines having energies 487.029+__0.019, 816.801 ±0.086 and 1596.58+0.30 keV.
The source consisted of several mg of La(NO3)3 dissolved in water and irradiated with thermal neutrons for 2-4 h in the University of Michigan Reactor. The activity was about 1 reCur.
Experimental Results

THE GAMMA-RAY SPECTRUM
The gamma-ray energies mcasured in this study are listed in table 1. All energies were measured at least twice and in most cases three or four times. lhe uncertainties correspond to the standard deviation of the mean.
The relative intensities of some of the observed gamma rays are given in The relative intensities measured in the present work and listed in the tirst two subgroups ~cre obtained with the ccs using the Gc(022) planes in second-order reflection. The reflection efficiency of this crystal in second order, R(E~., 2), has been investigated ~o) in the energy range from 130 to 2110 keV and is reasonably described byR(Er,2) ~,c E.7 k with 0.6 < k < 1.2. Avalueofk -1.0wasused for the present work. The relative intensities were obtained from the relative peak counting rates corrected for crystal reflection efficiency and photopeak detection efficiency. The uncertainties in intensity values (column three) are derived from the uncertainty in the crystal reflection efficiency and the statistical fluctuations in the peak counting rates. The relative intensities of the third subgroup derive from the data taken with the Gc(Li) spectrometer. The ratio of full-energy peak amplitudes corrected for detection etficiency was used. The correction for detection efficiency was based on the relative photoelectric cross sections. 950.88 keV. The diffraction profile for this previously unreported transition is shown in fig. la ). The energy was determined using the second-order reflection from the Ge(02.2) phmes. The intensity of this gamma ray relative to the 920-925 keV doublet was constant with time. On this basis the 950.88 keV transition is assigned to the "~°La ~ 14°Ce decay.
618.2 keV. The measurement on this weak transition had to be made in first-order reflection since the second-order difl'raction profile contains a contribution of the relatively strong third-order reflection of the 920-925 keV lines. The first-order diffraction profile of this gamma-ray line is shown in fig. 2a ; in the same figure the 487 keV diffraction profile is shown for comparison. Since the 487 keV transition occurs in about 40 5/00 of the decays "~), the 618.2 keV transition occurs only in approximately 4 x 10 -4 decays. It could not be seen in the singles spectrum obtained with the Ge(Li) spectrometer due to the presence of the Compton distributions of intense high-energy lines in the region of the 618.2 keV photopeak. 306.9 keV. This transition has not been reported previously in the decay of 14°La though it has been observed in the 14°Pr --* 14°Ce decay 5).
Ahhough the 306.9 keV transition is very weak the measurcment on this line necessitated using the second-order reflection from the Ge (022) lowing reason. The first-order reflection of the 306.9 keV gamma ray occurs at nearly the same Bragg angle as the third-order reflection of the 920-925 keV doublet. Thus the diffraction spectrum consists of three different gamma rays in various proportions of intensity. By setting the amplifier-discriminator to accept the photopeak of the 306.9 keV gamma ray, a portion of the Compton distribution due to the 920-925 keV gamma rays is also accepted• In the region of the first-order reflection of the 306.9 keV line (and so the third-order reflection of the 920-925 keV doublet) the relative intensities of these two contributions to the count rate is large enough to produce serious distortions to the diffraction profile of the 306.9 keV line. By measur14°Ce LEVEL STRUCTURE 337 ing the 306.9 keV gamma ray in second order this distortion is greatly reduced since the diffraction profile intensity of the 920-925 keV lines (sixth-order reflection now) is reduced by about a factor of ten, whereas the 306.9 keV line is only reduced in intensity by about a factor of two. In this manner a good energy determination of this transition was possible, though it occurs only in approximately 2 × 10 -4 of the decays. Fig. 2b shows the second order diffraction profile of the 306.9 keV line; the diffraction profile for 328.768 keV line is shown for comparison. The 306.9 keV line could not be observed in the singles spectrum obtained with the Ge(Li) spectrometer.
2348, 2522 and 2547•5 keV. The photopeaks of these three gamma rays in the Ge(Li) spectrum are shown in fig. 3 . The 2547•5 keV gamma ray has not been reported previously• The positions of the photopeaks and double escape peaks were both used to determine the energies• The relative intensities of these three lines in the Ge(Li) spectrum stayed constant in time and thus were attributed to the decay Or 14°La. 2900 keV. The best energy determination of this gamma ray could be made from the position of the double escape peak in the Ge(Li) spectrum. The photopeak was observed, but it was not used in the energy determination duc to very low counting rates. The intensity of the double escape peak fell ot1" with the same time constant as the 2522 keV line• could not be made due to the low detection efficiency of the Ge(Li) detector at this energy• However, the presence of a small peak at 2101+5 keV could correspond to the double escape peak of a 3123 keV gamma ray.
Discus~sion of the i.evel Scheme for 14°Ce
In fig• 4 is presented a level sctleme for the excited states of the nucleus ~'~°Ce populated through the beta decay of ~4°La which is consistent with the present energy measurements and much of the work of previous investigators. To the level scheme 2521.80 keV. The ),-rays, electron conversion electrons and internal pair positons corresponding to the direct transition from this level to the ground state have been observed 3, 4) . Heretofore the J~ assignment 3.4) has been 2 + and this was based on data from the"923"-1597 keV ),-ray directional correlation and electron conversion data on the 433 and "923" keV transitions. Now that the 433 keV transition can no longer be considered to depopulate the 2522 keV level and the "923" keV )'-ray has been resolved into two components with energies 919.64 and 925.20 keV with a relative intensity of I.t(919.6) = 0.37 1;,(925.2), the J" = 2 ' assignment must be reevaluated. The data available for a determination of J" for the 2522 keV level are the measurements 13) ~K(2522) = 3.91 × 10 -4 and the ratio of internal-pair positons to K-shell conversion electrons is) I~/I~ = 1.05. Both of these measurements, when compared to the theoretical values 13. l.~), indicate that the 2522 keV transition to the ground state (0 +) is of type M I. Thus the assignment J" = 1-to the 2522 keV level is most likely. Also, the measured value 20) of K/L for the 109.42 keV transition from the 2522 keV to the 2412 keV (3') level is consistent with the theoretical value for a pure E2 transition. This measurement is therefore also compatible with a 1 ' assignment to the 2522 keV state. It is seen from the level scheme ( fig. 4 ) that the ~,-rays for live out of the seven possible transitions depopulating the 2522 keV level have been observed. The 7-ray of the transition going to the 2084 keV (4-) level was not observed. The intensity limit I~(438.14)< 0.031~,(432.5) was determined. 2547.5 keV. A new level is proposed at this excitation energy because a 7-ray of this energy is observed in the spectrum. Further, the previously unreported )'-ray with an energy of 950.88 keV could correspond to the transition from this levcl to the first excited state at 1596.58 keV. The sum 1596.58+950.88 -2547.5_+0.77 keV agrees well with the measured energy 2547.5+_2.5 keV. There are no data available for a direct determination of J" for this level. Some weak arguments based on the observed 7-ray intensities favour the values J :-~ 1, 2.
A search was made for a 199 keV 7-ray corresponding to the transition from the 2547.5 keV to the 2348.4 keV level. With the curvcd crystal spectrometer, a peak could be seen at the crystal setting for the tirst-ordcr reflection (Ge(022)) of this line. However, the second-order rcflection of the 397.79 keV 7-ray occurs at nearly the same Bragg angle and therefore could account for the observed pcak. Unfortunately, the available intensity was insutficient to go to a higher order reflection where an identification of the peak would be possible. Nevertheless, the intensity limit ZY (199 keV) < 1.9 x low4 Z,(487 keV) could be set. 2900, 3123 and 3389.6 keV. Th ese levels are included in the decay scheme since the direct transitions to the ground state have been observed 4). Also there is at least one soft component in the P-ray spectrum with a reported 3, ") end-point energy of 0.42 MeV which could feed into one of the upper levels. The J" values for these levels shown on the level scheme are those given by Dzhelepov et al. ") . In this investigation the 2900 and 3123 keV y-rays were observed. A search was made for various y-rays which would be emitted when these levels depopulate to lower-lying levels; however none was observed. Intensity limits could be set as follows: for yrays corresponding to the transitions 2900 -+ 2348, 1597 keV the limits are Z,(566-534 keV) < 3 x 10m4 Z,(487 keV) and Z,(1263-1345 keV) < 3 x 10e3 Z, (1597 keV); for y-rays corresponding to the transitions 3 123 +2348,1597 keV, the limits are Z,(788-772 keV) < 3 x low2 ZJ.751.8 keV) and Z,(1560-1500 keV) < 1 x 10v2 ZJ1597). The y-ray for a previously reported 730 keV transition 20) could not be found and the intensity limitZ,(743-718 keV) < 5 x 10m2 Z,(751.8 keV) was determined.
The moderately strong 867.82 keV y-ray could correspond to the transition between the 3389. 6 keV agrees well with the sum 131.121Ifi266.551 = 397.672kO.014 keV, suggesting that there may be a level at 3 123-13 1 = 2992 keV or at 3389.6 + 13 1.1 = 3520.7 keV. However, no further support for the existence of such levels was found.
An application of the quasi-particle theory for single-closed shell nuclei (in BCS plus Tamm-Dancoff approximation) has recently been made by Rho 2, to calculate the level spectra for J" = 2+, 3+, 4+ states of some spherical even-mass nuclei with a closed neutron shell at N = 82. The nucleus 14'Ce was of special interest. In i4'Ce the two quasi-particle states having mostly Although the comparison between theory and experiment that is at present available in the nucleus ~4°Ce is modest, it should be mentioned that this nucleus has properties favourable to experimental and theoretical investigations which could with further investigation lead to a fruitful comparison.
